Pair production of single and double charged scalar pairs and their lepton 
flavor violating signals in the littlest Higgs model at LHC 
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In this work productions of charged and doubly charged scalars and their lepton flavor violating 
collider signals in the framework of littlest Higgs model at LHC are studied. In the allowed parameter 
region of the littlest Higgs model, the production rates of the scalars of littlest Higgs model via 
pp — >■ 4''^'^4)~ , pp — >■ 4'^4'~ a-iid pp — >■ (fi^^cj) processes are calculated. We obtained that charged 
and doubly charged scalar pairs can be produced at LHC . Considering the possible lepton flavor 
violating decays of charged scalars found in literature, final state analysis is done. This analysis 
r^^ , show that depending on the model parameters, lepton number and lepton flavor violations resulting 

CIh' from single and double charged heavy scalars of the littlest Higgs model can be observed at LHC. 
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I. INTRODUCTION 

Up to a certain energy level standard model(SM) has an impressive success explaining experimental data 
so far. Nowadays LHC is running with one of the main motivation of discovering SM Higgs boson and if SM 
Higgs boson to be discovered, the leading problem to focus will be stabilizing its mass against quadratically 
divergent radiative corrections, namely the hierarchy problem. Eventually the hierarchy problem is not the 
only problem that SM faces. SM also does not correctly account for neutrino oscillations, thus nonzero 
masses of neutrinos, it can not explain dark matter phenomena, it has no explanation to strong CP problem, 
and many more. So it is obligatory to go beyond SM. So far with this purpose many theories and models 
have been introduced such as grand unified thories(GUT)[l], supersymmetric models(SUSY)Y], models with 
extra dimensions J,], 331 models [4j], left-right symmetric models i^^], (B-L) extended SM models J,], doublet 
and triplet Higgs models[3, Qi Little Higgs(LH) models pj|-[l3| and many more. Each of these models have 
motivations to solve one or more of the problems that SM encounters. 

Among these approaches Little Higgs models deserve attention due to their elegant solution to hierarchy 
problem. Little Higgs model was first proposed by Arkani-HamedQ, and following the original idea several 
variations of LH models were introduced. Little Higgs models solve hierarchy problem by first enlarging the 
symmetry group of SM, and then by using collective symmetry mechanism to cancel out divergences of Higgs 
mass. The LH models differ in their assumed symmetry group and in the representation of scalar multiplets 
and they can be classified into two groups as simple group and product group LH models[l, [ll|, [l2|- Among 
product group LH models, the most economical one is the Littlest Higgs Modcl[9] which has a global SU{5) 
symmetry containing weakly gauged {SU2 (g) C/1)^ subgroup. Littlest Higgs model as a consequence of its 
enlarged symmetry contains new heavy gauge bosons and a new heavy scalar sector arising from a complex 
SU{2) group containing two neutral scalars, a charged scalar and a double charged scalar. The importance 
of this scalar sector is that especially charged scalars have very distinct collider signatures [13l - [l6| . 

The main problem the original Littlest Higgs model faced was satisfying electroweak precision data(EWPD) 
and to be consistent with the recent bounds on the lightest heavy scalar mass arising from searchs at 
Tevatron ll7H24| . The free parameters of the model were strictly constrained meaning a severe fine tunning 
has to be done. In order to overcome this problem T parity were introduced which like R parity of SUSY 
introduces a discrete Z2 symmetry to the model[23]. As a consequence of implementing T parity interactions 
between SM particles and new particles are restricted, thus parameters were relaxed. Another consequence 
of this restriction is that the lightest new heavy gauge boson become a perfect candidate for dark matter i2(|. 
But in order to account for non zero neutrino masses T parity is broken. Introducing T parity is not the 
only way of saving littlest Higgs model from strict constraints. Another method, which is also used in this 



work, is to charge fermions under both SU{2) gauge groups |24|. 

As mentioned, one of the problems of SM is that it can not account for nonzero masses of neutrinos. The 
existence of complex SU{2) scalar group in the littlest Higgs model allows neutrinos to gain their masses by 
implementing Majorana like mass term in the Yukawa Lagrangian without need of right handed neutrinos. 
The interactions of lepton doublets and complex SU{2) scalars in Yukawa Lagrangian predicts lepton fiavor 
and number violation by unit two, directly from decays of charged scalars, and this is an interesting and 
distinguishing feature of littlest Higgs model |27H30|. Search for lepton flavor violating signals is one of the 
most interesting topics in collider physics, and in these searches one channel under investigation is the lepton 
flavor violation resulting from decays of charged and double charged scalars. Thus the models containing 
scalar , with hypercharge two are expected to give the most promising results. In litarature there are several 
models containing a scalar triplet and lepton flavor violating signals in most of these models have been 
examined [3l|. Thus it will also be interesting to know the possible productions of charged scalars in littlest 
Higgs model and their lepton flavor violating signals at LHC. 

In this work, we study the main production channels of heavy charged scalars and their lepton flavor 
violating collider signatures at LHC. In literature there are several works estimating sizable production 
rates of heavy charged scalars which are either model independent or arising from other models rather than 
littlest Higgs via pp — )■ 0+"'"0~, pp — )■ 0^(/>~ and pp — >■ 0++0^^ at hadron colliders 32j. In these searches 
they are basically investigating the possibility of a charged scalar satisfying the experimental bounds such 
as Mcj) > 150GeF[33i|. In the littlest Higgs model due to the restrictions on the symmetry breaking scale, 
the heavy scalars cannot have a mass lower than O.bTeV. Thus these production channels including their 
lepton flavor and number violating flnal states need more investigation in the context of the littlest Higgs 
model. In proton collisions the charged scalars of the littlest Higgs model can be produced exculisively or in 
pairs. The exculisive production of the single charged scalar with a gauge boson mainly come from exchange 
of gauge bosons or neutral heavy scalars in s-channel. In the model couplings of the boson exchanges are 
dependent on t;' (vacuum expectation value of the scalar triplet), thus when v' is small enough to allow 
lepton flavor violation they are not observable. For the production of double charged scalars the exculisive 
channels qq' -^ W^L(ff) "^ W^l '/'""> m ^ ^L(H)^LiH)l' l' ^ ^~~(l'<l'^ m' ^ ^l(H) ^ W^if </>"" and the pair 
production process qq' — !• W^,^^ — > 0+0 are analyzed in Ref. |34||. As also mentioned in Ref. [3J|, the first 



three production processes are supressed by a factor of u'^, hence only the process qq' -^ ^l(h) -^ 4''^4' 
can have significant production rates at LHC. In addition to these production processes, heavy charged 
scalars of the littlest Higgs model can be produced in pairs at LHC. 

In this work, the pair production processes: pp — > (/)"'""'"0~, pp — > 4''^4'~ ^nd PP ~^ (jy^^4> via proton 
collisions at LHC are examined. In section two, we beriefly reviewed littlest Higgs model mostly following 
Ref. |35], and we present the necessary formulation used in this work. In section three we present the 
production cross sections of production channels investigated in this work. We also present the final state 
analysis considering possible lepton fiavor and number violating signals with our numerical estmates for LHC 
in section three. Finally at section four wc concluded that through the all possible final states, three of them 
can be observed as lepton fiavor or number violation at LHC. 



II. THEORETICAL FRAMEWORK 

The littlest Higgs model, as the most economical of the product group little Higgs models, have a global 
symmetry SU{5) with a locally gauged subgroup {SU{2) (g) C/(l)) . At a scale A ~ 47r/, the global symmetry 
SU{5) is broken spontaneously to 50(5) with a chosen vacuum condensate. At low energies the dynamics of 
the symmetry breaking mechanism can be described by Nambu Goldstone boson (NGB) degrees of freedom, 
to each broken generator there exist a NGB. It is possible to represent the group structure as Iq ® 3o ® 
2i/2 ffi 3i, where subscribes denote the hypercharge of the group. In the collective symmetry breaking 
mechanism, breaking of a global symmetry also triggers the symmetry breaking of the gauged subgroup of 
{SU{2) (E) U(l)) to SU{2) (E) U{1) of the standard model. During this symmetry breaking four of the NGBs 
are eaten by gauge bosons acquiring them their masses, while in the representationps a doublet H and a 
triplet $ remain physical. For these NGBs a Coleman Weinberg potential can be generated at one loop level. 
The generated scalar potential triggers usual electroweak symmetry breaking(EWSB) at chosen vacua of v 
and v' respectively for H and $. After EWSB, there are four new heavy scalars, (jP, (j>^ , (f)^ and (t>^^ which 
remain in the scalar sector in addition to a light scalar H which is identified as the SM Higgs boson. All 
scalars excluding H are degenerate in mass: 
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where Mh is the mass of the Higgs boson, / is the higher symmetry breaking scale of the littlest Higgs 
model, V = 2AQGeV and f ' < jr are the vacuum expectation values (VEVs) of the Higgs field and the scalar 
triplet respectively which are bounded by electroweak precision data. 

The final particle content and properties of the gauge sector is dependent on the mixings of C/(l) and 
SU{2) subgroups during the spontaneous breaking of {SU{2) ® U{1)) to SU{2) ® U{1). The mixing angles 
between the SU{2) subgroups and between the U{1) subgroups are defined respectively as: 
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where gi and g[ are the corresponding couplings of SU{2)ia,nd U[l)i. After EWSB, gauge sector get additional 
mixings and mass terms resulting the final spectrum of gauge bosons. In the littlest Higgs model, gauge 
sector consists of heavy new gauge bosons W^, Zh, Ah and light gauge bosons identified as SM gauge 
bosons; W^ ^ Zl and one massless boson Ah identified as photon. The final masses of gauge bosons to the 
order of jj are expressed as [35]: 
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where m^ = gv/2, m^ = gv/{2c^) and xh = |gg' (5g2l>2c,2 _g,2 J J-j ■ In these equations s„ and c^ are the 
usual weak mixing angles. 

In littlest Higgs model, the free parameters are the symmetry braking scale / and mixing angles s and 
s' and they are constrained by observables |17H23 , |24|. The data from Tevatron and LEPII constrain the 
mass of the lightest heavy scalar as Ma^ ^ 900G'ey[20, llj]- In the original formulation of the littlest Higgs 
model, these data imposes strong constraints on symmetry breaking scale(/ > S.5 — 4TeV). But in this work 
by gauging fermions in both C/(l) subgroups, fermion boson couplings are modified as done inj24|. With 
this modification the symmetry breaking scale can be lowered to f — 0.7bTeV{M(j, ~ O.bTeV) while mixing 
angles are restricted to be s = 0.8 and s' = 0.6, which allows the mass of the Ah to be at the order of few 
GeVs with a large decay width. For larger values of /, the mixing agles are less restricted. 

Finally, the fermions of the littlest Higgs model gain their masses through EWSB due to the Yukawa 
Lagrangian with an extended scalar sector. The additional scalar triplet of the model enables to implement 
a Majorano type mass term in Yukawa Lagrangian [27H30f . such as: 

Clfv = iY,jLj dpC-^L, + h.c, (4) 

where Li are the lepton doublets il vi\ and Yij is the Yukawa coupling with Ya — Y and Yijti-^j\ — Y' . 
Due to this term neutrinos gain mass without need of right handed neutrinos and also the lepton flavor 
violation arise from the decays of heavy scalars up to number of two. The values of Yukawa couplings Y and 
Y' are restricted by the current constraints on the neutrino masses[36|], given as; M^j = Yijv' ~ lO^^^GeT^. 
Since the vacuum expectation value v' has only an upper bound; ti' < |y, Yij can be taken up to order of 
unity without making v' unnaturally small. In this work the values of the Yukawa mixings are taken to be 
10"^° < y < 1, y - 10^1°, and the vacuum expectation value \GeV > v' > lO'^^Gey. 

While studying the production rates and final collider signals of littlest Higgs model scalars, their decay 
modes including the lepton flavor violating decays which are studied in T.Han et al[27\ are required. Due 
to their lepton flavor violating modes, the total widths of the charged scalars will depend on the Yukawa 
couplings Yii = Y and lij(i^j) = Y' . The decay modes and width of 0++ are given as [27]: 

V+ = ^{w+wD + 3r(^+£+) + 3T{i+e+) 

For the single charged scalar, the decay modes and width are given by [23]: 

r^+ = 3r{i+D,) + 6r(£+Pj) + t{w+h) + t{w+Zl) + nth) + r(T&) 

In this final expression, the decay of single charged scalar to Th is neglected since in the parameter space 
considered in this work, Af^ ^ Mt, hence this decay is suppressed. It is seen from the decay widths of 
the scalars that lepton number violation is proportional to \Y\'^ if the final state leptons are from the same 
family and to \Y'\'^ for final state leptons are from different generations. 

III. THE RESULTS AND DISCUSSIONS 

The scattering amplitudes of the processes pp — >■ </>"'"+(/)", pp — ^ <t>^<t>^ and pp — ?► (/>++(/) depend on the 
parameters s, s' and /, as well as center of mass(cms) energy v^ of LHC. While dependence on the mixing 
angles is weak, the dependence on the symmetry breaking scale / and so on the mass of the new scalars is 
significant. In this work, we first examined the dependence of the production cross sections of the charged 
pairs to M^ for different values of v^. In our calculations we have chosen s — 0.8 and s' — 0.6 allowed by the 
precision data. The symmetry breaking / is taken in the range O.lBTeV to STeV, thus the corresponding 
values for the mass of the heavy scalars vary in between 0.5TeV to 2TeV. In our numerical calculations we 
have taken Mh = 120 ± 3GeV, Mz^ = 91.188 ± 0.002Gey, M^/^ = 80.40 ± 0.02Gey and sw = 0.47[3|. 

In figure [I] we have plotted the production cross sections of the scalar pairs with respect to M^ for 
VS = 2TeV, y/S = 7TeV and v^ = UTeV when s = 0.8 and s' = 0.6. It is seen from FigH] that the 
productions of heavy scalar pairs are not observable at y/S — 2TeV, since their rates are at the order of 
10~^pb. At a/5 = 7TeV, the production rates of the scalar pairs are in the order of lO^^pb, which is in 
the reach for LHC. For the case M^ = O.bTeV and vS = 14TeV scattering amplitudes for the processes 
pp -^ 0++(/)^, pp -^ 4''^4>^ and pp -^ (/)++(/)^^ reach to values 2.9 x lO^^pb, 0.5 x lO^^pb and 1.2 x lO^'^pb 
respectively. Thus if LHC reaches to an integrated luminosity of 100/6^^, which is planned to be achieved 
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FIG. 1. The production cross sections of the scalar pairs with respect to M,f, for yS = 2TeV , VS — 7TeV and 
^/5 = UTeV when s = 0.8 and s' = 0.6. 

within two years [3 9j. up to hundreds of 0++0 and 0++0~ pairs can be produced. On the other hand 
number of 4>'^(j)~ production can not exceed 50 events even in maximal conditions. Due to these predictions, 
for the final state analysis we concentrate on the production channels pp — ^ (j)'^~^(J3~ and pp — >■ 0"'""'"0 . 

At LHC, heavy charged scalars of the littlest Higgs model will be identified from their lepton flavor 
violating decay modes[la, [23, [23, [30, [Sa, [23] ■ As stated in Eqs. [5] and[6l the decay modes of the charged 
scalars are strongly dependent on Yukawa couplings Y and Y' , thus to the VEV of the scalar triplet, v' . By 
choosing v' in the range IGeV > v' > 10~^°GeV, the Yukawa couplings are chosen as 1 > y > 10~^° and 
Y' ~ 10~^°. For this range, we plotted the final decay modes of charged pairs ip'^^ip and 0++0^ in figure 
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FIG. 2. Production rates of final decay modes of (j)^^(f) (a) and (j>'^^(f> (b) vs Y. 



For 0++0^^ pair, it is seen from Fig. ^a.) that for Y < lO^** both of the double charged scalars decay 
into SM particles. The final state in this case will be two Wl pairs. Due to low production rates and 
huge background at LHC, this case has no significance. For Y > 10"'^ both scalars will decay into leptons 
violating lepton fiavor. In this case 2/3 of the final stay will be kkljlj where i and j stand for different 
family of leptons, and the lepton flavor is explicitly violated by four giving a collider signal of four leptons 
consist of two same sign leptons from same family. This channel is free from any SM backgrounds. Also for 
Y > 10""^, 1/3 of the double charged pairs wil decay into kklili- Even if these decays happen via lepton 
flavor violating decays of double charged scalars, the final signal will be indistinguishable from four leptons 
coming from SM backgrounds. For the range 10"^ > Y > 10^"', one of the double charge scalar decay 
into SM bosons, and the other one decay into same sign leptons of same family, thus the final signal will 
be W£Wj^lili. In the view of the collider observables, this scenario is the most interesting because it will 
yield lepton number violation by two. Since Wl decay into jets with a branching ratio of 0.6, 36% of the 
final states resulting from W^W^hh will be two leptons of same sign and same family acompanied by jets. 



violating lepton number by two and free from any backgrounds at LHC. 

For (j)'^~^(j)~ , we plotted production rates of the final signals depending on Y in Fig. Wlb). For Y < 10^'^, 
both scalars will decay into SM particles and the final mode will be W^W^tb. Due to low production 
rates of charged scalars and huge SM background, this case is not promising at LHC. For Y close to unity 
{Y ~ l),both scalars decay into leptons. In this case 2/3 of final states will be iJiljVj and 1/3 of the 
final states IJiliVi. In this scenario, lililjVj final states will be violating lepton flavor, which is a significant 
observable at LHC free from any SM backgrounds. For likkvi, since all of the leptons are from same family, 
the final states cannot be distinguished from SM backgrounds. For ^++(/)~ the most interesting final state 
can be observed when 10^'^ < Y < 1. In this case the double charged scalar will decay into two leptons of 
same sign and family and the single charged scalar will decay into jets. In this case the final collider signal 
will be liUtb, two same sign and family leptons plus jets, violating lepton number by two and free from any 
backgrounds. 

After investigating the production rates of (p'^'^cj) and (j)'^'^(f)~ pairs and analyzing the final states of the 
processes, we combine the results to find possible lepton flavor and number violating final events at LHC. 
The final states are free from SM backgrounds and they are listed as: 



lililjlj, four lepton final states: These final states are coming from the decays of 



6++0~. For Y > 
10~^, 2/3 of double charged pairs will decay in four leptons, with lepton flavor violation by four. In 
this final state double charged scalars can be reconstructed from same sign and same family lepton 
pairs. 

• IJiljVj, three leptons plus missing energy: For F ~ 1, these final states are coming from the decays of 
(j)'^~^(j)~ . 2/3 of the scalar pairs will decay into two same sign same family leptons plus one additional 
lepton with opposite sign from another family and the missing energy of the neutrino. In this final state 
the observed lepton flavor violation will be two since the family of the neutrino can not be identified. 

• kkib, two leptons plus jets: This is the most interesting final state arising from the decays of scalar 
pairs because the resulting signal violates lepton number by two. This final state can be observed from 
the final decays of (f)'^'^(f)~ when 10~^ > 1" > 10"'^, and also from the semileptonic decays of (/)"'"+0^^ 
if two of the final state Wl's decay into jets when 10^'^ > Y > 10~^. 
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FIG. 3. Dependence of total number of lepton number and lepton flavor violating final states from decays of scalar 
pairs at LHC when -\/S = 7TeV and M,p — O.STeV for an integrated luminosity of 100/6~^ on Yukawa coupling Y. 



Finally, we estimated the dependence of total number of lepton number and lepton flavor violating final 
states on Y for vS — 7TeV, ^/S — l4TeV when Af^ = 0.5TeV in figures [3] and |4] respectively, and for 
\/S = 14TeV when A/^ ~ 0.75TeV in figure [5l In this estimated we assumed an integrated luminosity of 
100/6^1 for LHC. It is seen from Fig. [3] that for M^ = O.bTeV and y/S = 7TeV, there can be about 20 
lepton number violating two lepton plus jet signals observable at LHC for 10""^ < Y < 10~^ free from any 
backgrounds. For yS — 7TeV, three lepton and four lepton channels have lower event numbers and they are 
not promising. Our final analysis for Af^ = 0.5TeV and ^/S = 14TeV plotted in figure H] shows that in this 
case the number of lepton flavor and number violating final states are more promising. For 10^^ <Y< 10^^ 
there can be 80 four lepton signals violating lepton flavor by four, and also few hundreds of two leptons plus 
jets final states violating lepton number by two. li Y ^ 1, this case is dominated by hundreds of three 
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FIG. 4. Dependence of total number of lepton number and lepton flavor violating final states from decays of scalar 
pairs at LHC when -\/S — UTeV and M^ — 0.5TeV for an integrated luminosity of 100/6~^ on Yukawa coupling Y. 

lepton plus missing energy signals with an observed lepton flavor violation by two. For y/S — UTeV and 
M^ — 0.75TeV, i.e. / ^ ITeV the final number of lepton flavor and number violating events are plotted 
in figure [5] For higher values of Af^, the number of events are reduced almost 60%, but still in the reach 
since they are all free from any SM backgrounds. In this case about 30 to 40 signals of two leptons plus jets 
violating lepton number by two can be expected if 10^'^ < Y < 10^^. The expected number of events in 
four lepton or three lepton channels are at the order of 10, if lO^'^ < Y < 10~^ or y '-^ 1 respectively. 
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FIG. 5. Dependence of total number of lepton number and lepton flavor violating final states from decays of scalar 
pairs at LHC when \/5 — UTeV and M^ — 0.75TeV for an integrated luminosity of 100/6~^ on Yukawa coupling 
Y. 



IV. CONCLUSION 



In conclusion, the charged scalars of the littlest Higgs model can be produced via pp — > 0++0^ , pp — > (l>'^(f>^ 
and pp — ^ 0++(/) processes at LHC. Since the production rates are low, the detection of these scalar 
productions can only be done from SM background free final states. For the littlest Higgs model, these 
signals are the lepton flavor and number violating final states arising from the structure of its scalar sector 
containing a complex SU{2) group with hypercharge two which can interact with SM particles at tree level. 
In this work we found that depending on the Yukawa coupling y, lepton flavor and number violating final 
states can be detected at LHC. For Y ^ 1, lepton flavor violation by four in the channel kkljlj and lepton 
flavor violation by two in the channel IJiljVj can be observed. If the Yukawa coupling is in the range 



10"'^ <Y< 0.1, lepton number violation by two in the channel khib can be observed. In both of these final 
states the littlest Higgs heavy scalar can be reconstructed from invariant mass distributions of same sign 
and same family lepton pairs. To identify such a signal coming from littlest Higgs model, the mass of the 
scalar should satisfy M^ > 0.5TeV due to constraints coming from experimental data. If such final states 
are achieved at LHC, this will be a discriminating discovery for littlest Higgs model among other little Higgs 
models and models containing doubly charged scalars. 
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